WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 : 
H01L 51/20, G02F 1/1337 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 00/56660 

22 June 2000 (22.06.00) 



(21) International Application Number: PCT/EP99/09976 

(22) International Filing Date: 15 December 1999 (15.12.99) 



(30) Priority Data: 
98123834.8 



15 December 1998 (15.12.98) EP 



(71) Applicants (for all designated States except US): SONY 

INTERNATIONAL (EUROPE) GMBH [DE/DE]; 
Hugo-Eckener-Strasse 20, D-50829 K51n (DE). 
MAX-PLANCK-GESELLSCHAFT ZUR FORDERUNG 
DER WISSENSCHAFT R V. [DE/DE]; Hofgartenstrasse 
8, D-80539 Mflnchen (DE). 

(72) Inventors; and 

(75) Inventors/AppKcants (for US only): LUPO, Donald [US/DE]; 
Sony International (Europe) GmbH, Stuttgart Technology 
Center, MSL, Stuttgarter Strasse 106, D-70736 Fellbach 
(DE). YASUDA, Akio [JP/DE]; Sony International (Eu- 
rope) GmbH, Stuttgart Technology Center, MSL, Stuttgarter 
Strasse 106, D-70736 Fellbach (DE). GRELL, Martin 
[DE/GB}; 6 Hill Street, Gerlan. Bethesda LL37 3TD (GB). 
NEHER, Dieter [DE/DE]; Max-Planck-Institut fur Poly- 
merforschung, Ackermannweg 10, D-55128 Mainz (DE). 
MITE V A, Tzenka [BG/DE]; Max-Planck-Institut fin* Poly- 
merferschung, Ackermannweg 10, D-55128 Mainz (DE). 



MEISEL, Andreas [DE/DE]; Max-PIanck-Institut fQr Poly- 
merforschung, Ackermannweg 10, D-55128 Mainz (DE). 

(74) Agent: MOLI^R, Frithjof, E4 Mfiller & Hoffmann, Innere 
Wiener Strasse 17, D-81667 Munchen (DE). 



(81) Designated States: JP, KR, US. 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: POLYIMIDE LAYER COMPRISING FUNCTIONAL MATERIAL, DEVICE EMPLOYING THE SAME AND METHOD OF 
MANUFACTURING SAME DEVICE 




The invention relates to novel layers comprising polyimide and organic functional material such as hole transport material, electron 
transport material and/or emitter material having a glass transition temperature of higher than 80°C. The layers can be prepared by mixing 
the functional material with a polyimide precursor material, forming a thin film out of the mixture and converting said mixture into doped 
polyimide. Said doped polyimide layers can be used for the manufacture of electronic and optoelectronic devices such as e.g. light emitting 
devices. Due to the content of functional material, they can act as hole transport, electron transport or emitter layer. Moreover, the 
layers can be processed to have aligning properties for liquid crystals, thus allowing the manufacture of devices emitting polarized light. 
Furthermore, after conversion to doped polyimide, the layers are resistant to solvent treatment allowing the preparation of multilayers by 
successive coating and conversion cycles. 



FOR THE PURPOSES OP INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Centra] African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 




KB 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


a 


Coted'Ivoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtdttt em 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 




SG 


Singapore 







WO 00/36660 



PCT/EP99/09976 



- 1 - 

1 Polyimide layer comprising functional material, 

device employing the same and 
method of manufacturing same device 

5 The invention relates to layers comprising polyimide and a functional mate- 
rial such as a hole transport material (hole conductor material), an elec- 
tron transport material (electron conductor material) or an emitter mate- 
rial. Polyimide layers doped with said functional materials can be used for 
the production of novel electronic and optoelectronic devices. 

10 

The use of polyimide layers as polymeric alignment layers to orient liquid 
crystalline materials is a standard technology in the liquid crystal (LC) dis- 
play industry. A review of the state of the art in orienting layers for liquid 
crystals can be found in Ref. [1J. 

15 

Polyimides for alignment layers are typically prepared from polyamic acid 
or polyamic ester precursor compounds. One example of a precursor 
pblyimide is ZLI 2650 from Merck. Usually, the precursor polymer is first 
deposited and subsequently chemically or thermally converted into an in- 
20 soluble polyimide. Alternatively, soluble preconverted polyimides can be 
used. 

The orientation layer is prepared in order to give it aligning properties. 
Conventionally, surface preparation is made by rubbing with a cloth. Other 
25 methods for surface preparation known in the art make use of polarized 
ultraviolet light or flows of hot air. The liquid crystals are subsequently 
aligned by depositing them onto the alignment layer and letting them align 
at a temperature above the melting point and below the clearing point of 
the materials. 

30 

However, polyimide films are very poor hole or electron conductors. Thus, if 
layers are required which have a high hole or electron transport and injec- 
tion ability, as in the case discussed in the following paragraph, undoped 
polyimide films would reduce the efficiency of the respective devices. 

35 

On the other hand, light-emitting devices (LEDs) based on organic and 
polymeric electroluminescent materials are known. Typically such devices 
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1 require two electrodes of differing work function, at least one of which is 
transparent. A high work function anode (e. g. indium tin oxide (ITO), fluo- 
rine-doped tin oxide (FTO) , or gold) serves for hole injection and a low work 
function cathode (e. g. Mg, Al, Li, Ba, Yb, Ca) for electron injection into the 

5 organic or polymeric material. 

In order to make a high efficiency LED it is desirable for current in the de- 
vice to be space charge limited instead of injection limited. As will be de- 
scribed in detail below, a space charge limited current is indicated in J-d 
10 versus V/d plots by the independence of the plot from the interelectode 
distance d. 

For realizing space charge limited current, the barriers for charge injection 
have to be small. One way to achieve this is to fabricate devices comprising 
15 additional layers to facilitate injection and transport of electrons and 
holes. One type of layer comprises organic hole conductors, typically aro- 
matic amines, which facilitate the injection and transport of holes in the 
device. 

20 These materials are typically used in the undoped state and represent or- 
ganic semiconductors with a low intrinsic conductivity. Such semiconduct- 
ing hole conductor layers can increase the efficiency of the device by bal- 
ancing injection and charge of positive and negative charge carriers and 
forcing the recombination of charge carriers to occur in a region well away 

25 from the electrodes, thereby preventing the emission efficiency from being 
reduced by semiconductor/metal interactions. The use of hole conducting 
layers in polymeric and organic LEDs is described e.g. in Refs. [2) and 13]. 

In most cases the multilayers are prepared by organic evaporation to avoid 
30 dissolving the previously applied layer, which can happen when solvent- 
based processing such as spin coating, doctor blading, dip coating, etc. are 
used. 

Alternatively, metallically conductive doped conjugated polymers such as 
35 polythiophene or polyaniline may be used as anode modification layers to 
adjust the work function of the electrode and to provide a stable interface 
between semiconductor layer and anode. The use of such electrodes is de- 
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1 scribed in Refs. (4) and [5). 

The use of dendrimeric structures (Ref. [61), sterically hindered structures 
using spirobifluorene or triptycene units (Refs. [3| and (7)) and crosslink- 
5 able structures (Ref. [8]) having a relatively high glass transition tempera- 
ture (glass temperature, Tg) and forming a stable glassy phase, in organic 
LEDs has been described. The glass transition temperature is phenomenol- 
ogically characterized by the transition from a more or less hard, amor- 
phous glass-like or partially crystalline state into a rubber-like to viscous 
10 melt-like state. 

In recent years, the possibility of realizing polymeric LEDs emitting polar- 
ized light has been investigated. Thereby, polarized emission has been 
achieved to some extent by stretch orienting emitting, non liquid 

15 crystalline polymers (Ref. [9)). Also in this reference, the possible use of po- 
larized polymer LEDs as backlights for liquid crystalline displays is ad- 
dressed. In Ref. 110], polarized emission from rigid-rod molecules which 
were aligned by the Langmuir-Blodgett transfer method is described. In 
both cases, no orientation in a liquid crystalline phase was used to achieve 

20 polarized alignment. 

A polymer LED in which a layer of polythiophene or polyaniline was rubbed 
and used to align a low molecular weight liquid crystal doped with a small 
amount of dichroic fluorescent dye is described in Ref. [111. However, the 
25 aligning ability of polythiophenes is known to be not high and, indeed, 
alignment of polymeric liquid crystals on rubbed polythiophene was not 
shown. 

Polarized emission was obtained on rubbed poly(p-phenylenevinylene) ac- 
30 cording to Ref. [12]. LEDs comprising polymeric liquid crystalline emitter 
materials aligned on rubbed polyimide are disclosed in Ref. [13]. However, 
polyimide cannot serve as a hole or electron conducting material. In Ref. 
[14], polarized electroluminescence by epitaxial growth of sexiphenylene 
onto a rubbed sexiphenylene film is described. 

35 

The use of a polyimide derivative in a photoconductive device is described 
in Ref. [15]. The polyimide derivative is a polyimide comprising, covalently 
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1 linked, a moiety in the main chain that might serve as a hole conducting 
compound. 

Finally, a hole conducting layer prepared by mixing the hole conductor 
5 N.N'-diphenyl-N.N'-ditm-tolylJbenzidine (TPD) with a polyamic acid precur- 
sor in the ratio 50/50 by weight, followed by thermal conversion, is de- 
scribed in Ref. [16]. TPD. has a glass transition temperature (Tg) of 65°C 
and a molecular weight of below 500. 

10 As described in Ref. [16], a two-layer LED can be made with the above 
TPD/polyimide layer by vacuum deposition of an aluminum complex as 
electron transport and emitting material. However, at concentrations high 
enough to produce good hole transport, the hole conductor TPD and the 
polyimide phase separate and the TPD crystallizes. This brings about the 

15 problem, firstly, that the phase separated TPD is susceptible to attack by 
solvents in subsequent coating processes and, secondly, that the film can- 
not be processed to be an orientation layer, especially by rubbing, as rub- 
bing of the layer comprising crystallized TPD would result in severe dam- 
age. 

20 

As mentioned above in the context of characteristics of polyimide films, 
polyimide itself has only poor hole or electron transport and injection prop- 
erties. Thus, the use of a polyimide layer in an undoped state reduces the 
efficiency of devices in which hole/electron transport is needed. 

25 

On the other hand, although some alignment can be achieved by rubbing 
electrically conducting or hole transporting polymers, these materials do 
not have such a high degree of aligning ability as polyimide. Thus, align- 
ment layers based on such polymers are unsatisfactory. 

30 

In addition, one is restricted to the energy levels and hole mobilities pro- 
vided intrinsically by the materials, although in principle one wishes to be 
able to adjust the energy levels and mobilities independently of each other, 
as well as the aligning ability of the material. 

35 

Thus, by dividing the energy barrier for hole injection into several small 
barriers by stepwise deposition of materials with different energy levels, an 
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1 improvement of hole injection efficiency should be possible. However, cur- 
rently this cannot be done with solvent processed films because of cosolu- 
bility. In other words, application of an additional layer onto a previously 
applied layer by a method employing a solution of the material to be ap- 

5 plied in a solvent would result in a dissolution of said previously applied 
layer. 

Therefore, in the production of multilayer electroluminescent devices show- 
ing high efficiency and whose color can be tuned by choosing different 

10 chromophores, one is limited to low molecular weight materials which are 
deposited by organic physical vapour deposition under high vacuum. Con- 
sequently, only a few of such systems, which are not easily changed, are 
available. However, it would be desirable to replace said low molecular 
weight materials with robust, flexible polymers as well as to replace vac- 

15 uum deposition with low-cost solvent based coating technologies. As de- 
scribed above, this is not possible with commenly used solvent based 
methods according to the state of the art because the first layer is dis- 
solved by the solvent used for depositing subsequent layers. 

20 Thus, in view of the above, it is an object of the invention to provide a 
novel layer for use in electronic and optoelectronic devices that provides 
good aligning ability as well as good hole or electron transport or emitter 
ability, whose aligning and conductor ability can be easily and independ- 
ently tuned, and which can be processed for alignment with standard tech- 

25 niques, such as rubbing. Furthermore, the layer should be resistant to 
standard organic solvents, such as toluene, THF, methylene dichloride etc., 
thus allowing stepwise deposition of additional layers thereon by methods 
other than vacuum deposition techniques. 

30 Furthermore, it is an object of the invention to provide electronic and op- 
toelectronic devices making use of the above layers, and a method of pro- 
ducing them. 

According to the invention, there is provided a layer comprising polyimide 
35 and one or more organic materials selected from the group consisting of 
hole transport materials, electron transport materials and emitter materi- 
als, wherein the hole transport, electron tranport or emitter material has a 
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1 T g of higher than 80°C. 

Said layer is obtainable by mixing a hole transport, electron transport or 
emitter material or a combination thereof with a polyimide precursor mate- 
5 rial, forming a thin film out of the mixture and converting said mixture into 
a thin film of doped polyimide. 

Preferably, the hole transport, electron transport or emitter material used 
in the layer according to the invention has a molecular weight of greater 
10 than 750 and, more preferably, a Tg of higher than 100°C and/or a molecu- 
lar weight of greater than 900. 

Furthermore, the content of hole transport, electron transport or emitter 
material (i.e. the doping material) in the mixture of doping material and 
15 polyimide precursor material used to prepare said layer is preferably se- 
lected in the range of 1% to 60% by weight, more preferably in the range of 
5% to 50% by weight, and most preferably in the range of 15% to 35% by 
weight, based on the total amount of doping material and polyimide precur- 
sor material. 

20 

The layers according to the invention are, after conversion to polyimide, th- 
ermally stable up to well over 100°C without morphological or chemical 
changes. They are homogenous, do not phase separate and can be easily 
processed to have aligning properties by standard techniques such as rub- 
25 bing, UV irradiation, treatment with an air flow, etc. 

The layers combine the qualities of good alignment materials on the one 
hand and of good hole transport, electron transport or emitter materials, 
respectively, on the other hand. 

30 

By varying the concentration of e.g. the hole transport material in the mix- 
ture with polyimide, the mobility can be tuned to the optimal value for the 
device in question. By doping with different hole conductors the energy lev- 
els can be tuned for optimal hole injection. 

35 

It has been found that by using the films according to the invention, it is 
possible to obtain space charge limited current over a wide range of con- 
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centratlons and mobilities. 

In addition, the homogeneously mixed composite layers according to the in- 
vention are resistant after conversion to polyimide to further solvent treat- 
ment, thereby allowing the preparation of multilayers by successive coating 
and conversion cycles. This allows on the one hand the preparation of suc- 
cessive hole injection and conducting layers with small energy barriers to 
improve hole injection. It also allows on the other hand the preparation of 
e.g. multilayer electroluminescent devices with tunable mobilities and en- 
ergy levels by solvent based coating processes. 

Thus, the layers according to the invention combine all of the above advan- 
tages of stability, charge injection and transport, tunability and solvent re- 
sistance with a high aligning ability. 

Furthermore, there are provided according to the invention electronic and 
optoelectronic devices according to claims 13, 15 and 19 and a method of 
manufacturing said devices according to claim 20, the method and devices 
making use of the above layers of the invention. 

In the following, the invention will be described in further detail by way of 
embodiments and examples and with reference to the accompanying draw- 
ings, wherein 

Fig. 1 is a diagram showing the dependence of the measured current den- 
sity on the hole transport material/polyimide ratio in hole trans- 
port layers prepared according to Example 1; 

Fig. 2 is a diagram in which current densities versus applied voltage for 
the devices with the smallest and the biggest film thickness investi- 
gated in Example 1 are shown; 

Fig. 3 is a diagram in which current density times film thickness (J*d) 
versus applied electric field strength (V/d) for the device based on 
the film with a ST638/polyimide ratio of 30/70 (w/w) according to 
Example 1 is shown; 
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5 



10 



15 



20 



25 



30 



Fig. 4 is a diagram showing the light intensity as a function of voltage for 
the light emitting diode device described in Example 3; 

Fig. 5 is a diagram showing the current through the device as a function 
of the applied voltage for the light emitting diode described in 
Example 3; 

Fig. 6 is a diagram showing the absorbance spectra of poty(di(ethyl- 
hexyl))fluorene spin-coated onto rubbed polyimide after annealing, as de- 
scribed in Example 4; and 

Fig. 7 is a diagram showing the light intensity as a function of voltage for 
the device described in Example 4. 

The layer according to the invention comprises a polyimide, obtainable by 
thermal conversion of polyimide precursor material, and a doping material. 
An example of a polyimide precursor material is a polyamic ester precui sor 
for polyimide such as ZLI 2650, available from Merck, Darmstadt. Further 
examples are those disclosed in Japanese laid-open patent applications 
Nos. 53-24850, 57-29030, 53-128350, 61-47932, 62-174725 and 61- 
205924. 

The doping material used in the present invention can be a hole transport 
material, an electron transport material or an emitter material and has a Tg 
of higher than 80°C. Examples of hole transport materials include com- 
pounds or mixtures of compounds selected from the group consisting of 

- compounds of the general formula (I) 



where Ari is selected from the group consisting of the following compounds 
(1) to (5) 
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10 




(2). 




(5), and 



(3), l!^ J (4), and 



15 



20 



where Ar2 to Ar7 are independently of each other selected from the group 
consisting of the following compounds (a) to (e) 

,Ri'-FV 




(b). 



(c). 



(d), and 



>r 2 

*«-\ H. 

Ar 3 



25 



wherein Ri' to Rg' independently of each other denote a hydrogen atom, a 
-C n H2n+l residue, a -OC n H2n+l residue, with n being an integer, prefera- 
bly an integer in the range of 1 to 20, more preferably in the range of 1 to 
10, or a group of the general formula 



30 



35 



compounds of the general formula (II) (spiro compounds) 



Ar, 



Ar 2 



N— Ar 1 ^—Ar 2 --<^ 

C Ar 3 

J, N— Ar 3 - Ar 4 "— NT 

fvf Ar 9 



Ar, 



(II) 



where Ari" to Ar4" independently of each other denote compounds selected 



* 
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from the group of compounds (1) to (5) as specified above and 

where Ar2 to Atq independently of each other denote compounds selected 

from the group of compounds (a) to (e) as specified above, and 

- compounds of the general formula (III) (triptycenes) 



with R\ f to R12' independently of each other representing a group as speci- 
fied above for Ri' to Rg' and 

where Ar* represents the same group as Ar or denotes a compound selected 
from the group of compounds (a) to (e) as specified above. 

Preferred examples of hole transport materials are compounds of the gen- 
eral formula 




(HI) 



where Ar is a compound having the structure 





Ar 5 



Ar 6 




where Ar2 to Ar7 are independently selected from the group consisting of 
the compounds 
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(a) with Rj* to R5' independently of each other denoting a 



hydrogen atom, a -C n H2n+ 1 residue or a -OC n H2n+ 1 residue with 1 < n < 
6. 



10 




(bl). and 




(cl). 



15 



Other preferred hole conductor compounds of this class are 4,4',4"-tris((l- 
naphtyl)-N-phenylamino)-triphenylamine (available from Syntec GmbH un- 
der the trade name ST638) having the following structural formula (IV) 



20 



25 



30 




(fV) 



35 



and 4,4',4"-tris((3-methylphenyl)-N-phenylamino)-triphenylamine (available 
from Syntec GmbH under the trade name ST627) having the following 
structural formula (V) 
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10 




(V). 



15 



Further preferred examples of hole transport materials are compounds of 
the general formula (II) 



20 



Ar, 



Anf N rf Ar 3 

J^N— Ar 3 " Ar^ 

Ar 7 ^ "Ar 9 



/M3 



(II) 



25 



30 



where Ari" to A14" denote 




(1) and 



where Ar2 to Arg independently denote compounds selected from the group 
of compounds (a) to (e) as specified above. 



35 



Examples of electron transport materials include oxadiazoles as disclosed 
in Ref. 13]. such as spiro-2-(biphenyl-4-yl)-5-(tert-butylphenyl)- 1,3,4- 
oxadiazole having the structural formula (VI) 
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(VI). 



10 



Examples of emitter materials include spirophenylenes as disclosed in Ref. 
(3), such as spiro-linked quater-, sexi-, octi- and deciphenyls, the spiro- 
sexiphenylene being shown in structural formula (VII) 



15 



20 




(VII). 



25 



Although the exact structure of the doped polyimide layer is not known, it 
is assumed that the hole transport, electron transport and emitter materi- 
als selected to perform the invention do not take part in the polymerization 
reaction of the polyimide precursor material so that they are not covalently 
linked to the polyimide molecules. In other words, the doping material- 
polyimide layer according to the invention is a guest-host system. 



30 



In one embodiment of the invention an electronic or optoelectronic device, 
e. g. a rectifying diode, a transistor, a photodiode, a photovoltaic cell or a 
light emitting device comprising at least one polyimide layer according to 
the invention doped with electron or hole transport or emitter material is 
fabricated. 



35 



In a preferred embodiment of the invention an electronic or optoelectronic 
device, preferably an electroluminescent light emitting device is fabricated, 
comprising a hole transport layer according to the invention. 
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1 In another embodiment of the invention the doped polyimide layer is subse- 
quently prepared to give it aligning properties for liquid crystals. This 
preparation can be made by a number of methods known in the art, includ- 
ing rubbing, UV irradiation and treatment with air flow. Subsequently a 

5 liquid crystalline material or a composite comprising a liquid crystalline 
material is applied to the layer and aligned, according to the state of the 
art, at a temperature between the melting and clearing points of the liquid 
crystalline material. 

10 in a preferred embodiment of the invention the liquid crystalline material 
comprises a polymeric liquid crystalline material, e.g. a polyfluorene. 



15 



In another preferred embodiment of the invention the liquid crystalline ma- 
terial comprises a light emitting material. 

In a particularly preferred embodiment of the invention the polymeric liq- 
uid crystalline layer comprises a light emitting material. 



20 



Light emitting materials for use in LEDs are known in the art (e.g. Ref. 
111]). An example of an emitter compound is shown in formula (VIII). 



25 




C(CH3>3 



(VIII) 



30 



An example of a low molecular weight liquid crystal material, also disclosed 
in Ref. [11), is shown in formula (IX). 



H2G=0-C~CHCH^- 
H 

(IX). 



JCHa 



O-fCH^O-C-^CHj 



35 



In an especially preferred embodiment of the invention a light emitting 
electroluminescent device is provided comprising a hole transport layer 
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according to the invention prepared as an alignment layer and a polymeric 
liquid crystalline material comprising a light emitting material. Through 
the orientation of the liquid crystalline material the light emitted by the de- 
vice is polarized. 

In a very especially preferred embodiment of the invention the polymeric 
liquid crystalline material itself is an emitter material, preferably a poly- 
fluorene. 

In a very particular embodiment of the invention an electroluminescent de- 
vice is prepared in the following way: A hole transport material doped 
polyimide precursor layer, preferably comprising ZLI 2650, is deposited 
onto a transparent conductive glass substrate (e. g. ITO or FTO glass) and 
converted thermally to polyimide. This layer is subsequently rubbed or ir- 
radiated to prepare it as an orientation layer. A liquid crystalline polymeric 
emitter material, preferably a polyfluorene. is spin-coated onto the hole 
conductor alignment layer and aligned at a temperature between the melt- 
ing and clearing points of the liquid crystal polymer. Subsequently a cath- 
ode comprising a metal such as Al, Ca, Li, Ba, Mg or Ag is deposited on top 
to produce a device capable of emitting polarized light upon application of 
an electric field. 

EXAMPLES 

The following examples are intended to illustrate possible embodiments of 
the invention but not to limit the scope thereof. 

Example L Device comprising novel hole transporting layers and demon- 
stating space cfrargg UnUted current 

Indium Tin Oxide coated glass, commercially obtained from Balzers Thin 
Films, was cut into 2.5 x 2.5 cm 2 pieces and cleaned in following steps: 

ultrasonic bath of acetone - 15 min 

ultrasonic bath of 2 vol. % water solution of "Helmanex" - 5 min 
washing with deionized water 

ultrasonic bath of ultrapure water (MilliQ unit from Waters) - 15 min 
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drylng in air 

ultrasonic bath of isopropanol - 15 min 

Solution blends of a hole conductor and a polyamic ester precursor for 
polyimide were prepared with an overall solid concentration of 30 g/l. The 
hole transporting filling material was the starburst amine compound 
4.4\4 M -tris(l-naphtyl)-N-phenylamino)-triphenylamine, commercially avail- 
able from Syntec GmbH under the tradename ST638. The chemical struc- 
ture of this hole transport material is shown in above structural formula 
[TV)* The polyamic ester precursor for polyimide was LiquicoatPI Kit ZLI- 
2650 from Merck. The structure of the converted polyimide (in the folowing: 
PI) is shown in structural formula (X) below. 




O O 



The weight ratios of ST638 to the polyimide precursor were 5/95, 10/90, 
16.6/83.4, 20/80 and 30/70 w/w. 

The blended solutions were spin-coated onto ITO /glass substrates at 750, 
1500, 2200 and 3000 rpm for 50 s. The ST638-dispersed PI precursor thin 
films were soft-baked at 80°C for 15 min and subsequently thermally 
imidized into insoluble PI at 300°C for 1 h and 15 min under vacuum 
(about 10~ 2 mbar). The films were homogenous before and after imidization, 
with no evidence for phase separation or crystallization of the hole conduc- 
tor. 

After that the Al cathode contacts (thickness 70 nm) were deposited by 
thermal evaporation onto the converted films. The evaporation process was 
performed at 0.5 nm/s in a vacuum of about 10" 6 mbar (1 bar = 10 5 Pa). 
The final area of the devices was about 0.06 cm 2 . 

The current density - voltage (J-V) characteristics of the devices with differ- 
ent concentrations of ST638 dispersed PI films are shown in Fig. 1. A 
strong dependence of the measured current density on the hole conductor 
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1 concentration was observed. The absolute currents values for the ratio 
ST638/PI 30/70 w/w are comparable with those passing through devices 
consisting of single layer of pure starburst amine compound 4.4\4"-tris(3- 
methylphenyl)-N-phenyiamino)-ti1phenylamine. 

5 

Strong dependence of J was also observed on the film thickness (Fig. 2). 
Space-charge-limited current theory predicts the J to be 

J = 9/8 (ee 0 mV 2 /d 3 ) 

10 

where eo is the permittivity of the vacuum, e is the permittivity of the poly- 
mer, m is the charge mobility, d is the interelectrode distance and V is the 
applied external voltage. Therefore, the plot J*d versus the electric field 
strength E = V/d should be independent on the device thickness. This plot 
15 is shown in Fig. 3. Having in mind the errors in thickness measurements 
the plot becomes virtually independent on the film thickness, which is an 
indication that this regime is dominated by space- charge-limited currents. 

Example 2: Device comprising a standard hole conducting material fcom- 

20 parative example) 

A device was prepared according to the same procedures as Example 1 , but 
instead of a high Tg hole transport material, N.N'-diphenyl-N.N'-ditm- 
tolyl)benzidine (TPD) having a Tg of 65°C (obtained from Aldrich) was used 
25 at a concentration of 30% by weight. After imidization phase separation be- 
tween the polyimide and the TPD and partial crystallization of the TPD 
could be observed. 

The J-V curve of this device is included in Fig. 1 of the previous example. 
30 Even at a high concentration of 30% by weight, the maximum measured 
current density in this device is smaller than the density in the device con- 
taining. a layer according to the invention with only 17% hole conductor. 

Example 3; Ugbt emitting dHode comprising novel hole transporting layer 
35 and polyflwrene as the emissive material 

The device consisted of an ITO coated glass, a hole transporting layer hav- 
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10 



15 



ing a weight ratio of ST638 to the PI precursor of 17/83, an emissive layer 
of poly[2,7-(9,9-diethylhexylfluorene)] and a calcium top electrode pro- 
tected with a layer of aluminum. 

An ITO coated glass was cleaned as described in Example 1. Upon this 
glass a hole transporting layer as described in Example 1 with a concentra- 
tion of 17 weight % of hole conductor was applied by spin coating as de- 
scribed in Example 1. Thickness of the layer after conversion to polyimide 
was 50 nm. 

Poly(2 f 7-(9.9-di(ethylhexyl)fluorene)) was prepared according to the follow- 
ing procedure: 

Synthesis of the monomer 2,7-dibromo-9,9-di(ethylhexyl)Jluorene: 
Reaction scheme: 



20 



25 



30 




2,7-dibromofluorene 

Ci3HbBT2 

molecular weight 324,01 



Procedure: 



CaH 17 Br/NaOH 



DMSO 




CaH 17 



2,7-tlibromo-9 l 9Kii(ethyihexyi)ftuore 
c 29 H 4oBr 2 
molecular weight 548,44 



Into a Schlenk tube was placed 5 g of 2,7-dibromofluorene (15.4 mmol, 1 
equ.), 15 ml of dimethylsulfoxide (DMSO) and 0.27 g of benzyltriethylam- 
monium chloride (1.18 mmol). Under a light stream of argon 6.7 ml of an 
aqueous sodium hydroxide solution (50 %, wt.) were added and the mixture 
was stirred for 5 minutes. N-(ethylhexyl)bromide (8.8 ml, 36.9 mmol, 2.4 
equ.) was added dropwise using a syringe and the highly viscous mixture 
was stirred for 2 hours under argon. A significant raise in temperature 
could be noticed in course of the first 30 min reaction time. 



35 



Water (25 ml) and diethyl ether (30 ml) were added and the mixture was 
stirred for an additional 15 minutes. The layers were separated and the 
aqueous layer was extracted once again with 30 ml diethyl ether. The com- 
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1 bined organic phases were washed with a saturated aqueous NaCl solution, 
dried with MgS04 and evaporated to remove the ether. 

80 ml of ethanol were poured into the flask containing the clear, viscous 
5 residue consisting of the product and excess alkyl bromide. The mixture 
was heated up to boiling under reflux until the two phases have been 
merged. 

The hot solution was cooled down to room temperature slowly revealing the 
10 crystallizing product as long, colorless needles. The solution was filtered 
and the product was washed with 50 ml of cold ethanol to remove any re- 
sidual alkylbromide. 7.5 g (90 percent yield) of 9,9-di(ethylhexyl)fluorene 
was isolated and dried under vacuum. 

15 Flight desorption mass spectrometry and proton as well as carbon mag- 
netic resonance spectra were consistent with the title structure. 

Polymerization: 

20 Reaction scheme: 




2,7-dibromo-9,9-di(ethyIhexyl)fluor8ne 

CgaHioBrg PolyI2 t 7-(9,9-cn(ethylhexyl)fiuorer> 
molecular weight 548,44 



Procedure: 

30 

2.3 g (8.37 mmol, 2.3 equ.) of bis(l,5-cyclooctadiene)nickel(0) (Ni(CODh), 
1.32 g (8.37 mmol, 2.3 equ.) of 2,2'-bipyridyl, 8 ml of dimethylformamide 
(DMF) and 20 ml of toluene were placed under argon into a thoroughly 
dried Schlenk tube. The mixture was stirred for 30 minutes at 80 °C. 

35 

2 g of 2,7-dibromo-9,9-di(ethylhexyl)fluorene (3.64 mmol,l equ.) dissolved 
in 12 ml of toluene were added at once using a syringe. After 5 minutes 0.6 
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1 ml (4.37 mmol, 1.2 equ.) of 1,5-cyclooctadiene (COD) were added and the 
reaction mixture was kept stirring under argon for 4 days at 80 °C. 

50 ml of chloroform were added to the hot reaction mixture and stirred for 
5 15 minutes. This mixture was washed twice with hydrochloric acid (2 N), 
further 50 ml of chloroform were added and the organic layer was washed 
with a saturated aqueous solution of NaHC03 and dried with MgS0 4 . 

This solution was filtered through a short column of silica gel which has 
10 been thoroughly dried for 6 hours under vacuum at a temperature of at 
least 200 °C prior to its use. The solvent has been evaporated until the 
polymer solution became viscous. The polymer was precipitated from a 
mixture of 100 ml methanol, 100 ml acetone and 10 ml concentrated hy- 
drochloric acid, filtered and extracted for 3 days with acetone and one day 
15 with ethyl acetate. Finally, the polymer was redissolved in 100 ml chloro- 
form, the solvent was partially evaporated and the polymer was precipi- 
tated again from the same mixture used for first time precipitation. The 
yield was 1.1 g (80%). 

20 The emissive layer was prepared by spin-coating this solution at 2300 rpm 
onto the hole transporting layer. This gave a film thickness of 80 nm. The 
sample was then dried at 70°C in vacuum for 12 hours. Calcium was de- 
posited on top by thermal evaporation at 10" 6 mbar, at an evaporation rate 
of 0.7 nm per second. The final thickness of the calcium top electrode was 

25 15 nm. On top of this Ca layer a 70 nm thick aluminum layer was depos- 
ited by thermal evaporation at 10~ 6 mbar at a rate of 0.5 nm per second. 
The final area of the device was 0.06 cm 2 . 

The light intensity emitted by this device and the I-V curve are shown in 
30 Fig. 4 and Fig. 5, respectively. The device emitted blue light, which was 
clearly visible to the human at a voltage larger than 22 V in a well illumi- 
nated lab environment. The luminance at 24 V and 8 mA was 10 cd/m 2 . 



35 



Example 4: Light em itting diode comprisin g novel hole transporting layer 
and polvfluorene as the emissive material 
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1 The device consisted of an ITO coated glass, a hole transporting layer a 
weight ratio of ST638 of 17/83 to the PI precursor, an emissive layer of 
poly[2,7-(9,9-diethylhexylfluorene)] and a calcium top electrode protected 
with a layer of aluminum. 

5 

An ITO coated glass was cleaned as described in Example 1. Upon this 
glass a hole transporting layer as described in Example 1 with a concentra- 
tion of 17 weight % of hole conductor was applied by spin coating as de- 
scribed in Example 1. Thickness of the layer after conversion to polyimide 
10 was 50 nm. 

Finally, the hole transporting layers were unidirectionally rubbed using a 
rubbing machine from E. H. C. Co., Ltd., Japan. The rotating cylinder was 
covered with a cotton cloth and its rotating speed was 1400 rpm. The sam- 
15 pies were passed twice under the cylinder at a translating speed of 2.2 
mm/s. The depth of impression of the rubbing cloth onto the substrate was 
approximately 0.2 mm which means that there was full contact between 
the cloth and the surface of the substrates. 

20 Poly(2.7-(9,9-di(ethylhexyl)fluorene)) was prepared as in Example 3. 

The poly(di-ethylhexyl fluorene) was dissolved in toluene with a concentra- 
tion of 10 g/1. The solution was heated at a temperature of about 60°C for 
10 min and after that filtered with Millipore Millex-LCR13 0.5 [im syringe- 
25 operated filters. The solution was spin-coated onto the hole transporting 
alignment layers at 2000 rpm for 50 s and the resulting thickness was 
about 90 nm. 

In order to induce the alignment of the poly(di-ethylhexyl fluorene). the 
30 samples were thermally annealed in an autoclave for two hours at a tem- 
perature of 185°C and a pressure of 0.1 bar. The heating and the cooling 
rate were both 5 K/min. Calcium was deposited on top by thermal evapora- 
tion at 10" 6 mbar, at an evaporation rate of 0.7 nm per second. The final 
thickness of the calcium top electrode was 20 nm. On top of this Ca layer a 
35 100 nm thick aluminum layer was deposited by thermal evaporation at 10" 6 
mbar at a rate of 0.5 nm per second. The final area of the device was 0.06 
cm 2 . 
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1 The alignment of the light emitting polymer yielded a dichroic ratio D381 nm 
of 9.2 between the absorbance parallel and perpendicular to the rubbing 
direction (at the peak wavelength of 381 nm), as can be seen from the ab- 
sorbance spectra shown in Fig. 6. The integral dichroism D in t e groi - the ratio 

5 of the areas between the respective curve and the baseline y = 0 parallel 
and perpendicular to the rubbing direction - was in absorbance 5.5. 

The intensity as a function of voltage for the light emitted parallel and 
perpendicular to the rubbing direction for this device is shown in Fig. 7. 
10 The device emitted blue light at a wavelength of 425 nm, which was clearly 
visible to the human eye in a well illuminated lab environment at a voltage 
larger than 15 V. The luminance at 22 V and 8 mA was 30 cd/m 2 . The in- 
tensity ratio between the light emitted parallel and perpendicular to the 
rubbing direction was 10.3 at X = 425 nm. 

15 

Example 5: Electroluminescent device comprising multilayers of hole- and 
electron transporting and emitting layers 

An ITO substrate is prepared as described in Examples 2 to 4. Subse- 
20 quently, a layer comprising hole transport material ST638 and polyimide is 
prepared in a manner identical to Examples 3 and 4. After conversion of 
this layer to an insoluble composite of polyimide and hole transport mate- 
rial, a subsequent layer of polyimide precursor and the light emitting mate- 
rial spiro-sexiphenylene as shown in above structural formula VII (cf. Ref. 
25 (17)) is deposited under the following conditions: Concentration of emitter 
material: 30 %; spinning speed: 4000 rpm; film thickness: about 15 nm. 
This layer is converted as the other layer at 300°C under vacuum to an in- 
soluble, homogenous composite material. 

30 On top of this layer a further composite layer is deposited which contains 
the same precursor material and 30 % by weight of a spiro-linked oxadia- 
zole having the structural formula (VI) shown above (cf. Refs. [31 and [17)) 
as electron transport material. The spincoating speed is 2000 rpm. 

35 After conversion an insoluble, homogenous composite is obtained with a 
thickness of ca. 50 nm. On top of this multilayer system the following elec- 
trode is deposited: 20 nm Ca, 100 nm Al, as in Examples 3 and 4. A light 
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1 emitting device is obtained which can show blue emission with a bright- 
ness of up to 500 cd/m 2 at a voltage of less than 10 V and a current den- 
sity of less than 50 mA/cm 2 . 

5 As described above, by making a homogeneously mixed composite of a good 
aligning material and good hole transport material it is possible to combine 
the good qualities of both materials. By varying the concentration of hole 
conductor the mobility can be tuned to the optimal value for the device in 
question. By doping with different hole conductors the energy levels can be 

10 tuned for optimal hole injection. By using dopants with high Tg and rela- 
tively high molecular weight the tendency for the two components to phase 
separate can be counteracted and homogeneously mixed films can be pre- 
pared, in contrast to the state of the art. As shown in Example 1, it is 
possible to obtain space charge limited current over a wide range of 

15 concentrations and mobilities in such homogeneously mixed films. 

In addition, the homogeneously mixed composite layers described above are 
resistant after conversion to polyimide to further solvent treatment, 
thereby allowing the preparation of multilayers by successive coating and 
20 conversion cycles. This allows on the one hand the preparation of succes- 
sive hole injection and conducting layers with small energy barriers to im- 
prove hole injection. It also allows on the other hand the preparation of 
multilayer electroluminescent devices with tunable mobilities and energy 
levels by solvent based coating processes. 

25 

Thus, coating can be performed by spin coating, drop coating, doctor 
blading, dip coating, slot die coating, curtain coating as well as by ink jet 
printing and offset printing - allowing a patterned coating -, and other 
coating techniques known in the art. 

30 

The layers thus prepared are, after conversion to polyimide, thermally sta- 
ble up to well over 100°C without morphological or chemical changes. 

Finally, the layers thus prepared combine all of the above advantages of 
35 stability, charge injection and transport, tunability and solvent resistance 
with a high aligning ability. 
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1 Claims 

1. A layer for use in electronic and optoelectronic devices comprising 
polyimide and one or more organic materials selected from the group con- 

5 sisting of hole transport materials, electron transport materials and emitter 
materials, 

characterized in that said hole transport material, electron trans- 
port material or emitter material has a glass transition temperature of 
higher than 80°C. 

10 

2. The layer according to claim 1, wherein said layer is obtainable by 
mixing said hole transport material, electron transport material or emitter 
material or a combination thereof with polyimide precursor material, form- 
ing a thin film out of the mixture and converting said mixture into doped 

15 polyimide. 

3. The layer according to claim 1 or claim 2, wherein said hole trans- 
port, electron transport or emitter material has a molecular weight of 
greater than 750. 

20 

4. The layer according to any of claims 1 to 3, wherein said hole trans- 
port, electron transport or emitter material has a glass transition tempera- 
ture of higher than 100°C and a molecular weight of greater than 900. 

25 5. The layer according to any of claims 2 to 4, wherein the content of 
said hole transport, electron transport or emitter material or of said combi- 
nation thereof in said mixture is selected in the range of 1% to 60% by 
weight, based on the total amount of hole transport, electron transport or 
emitter material and polyimide precursor material. 

30 

6. The layer according to any of claims 1 to 5, wherein said layer com- 
prises polyimide and a hole transport material. 

7. The layer according to claim 6, wherein said hole transport material 
35 is a compound or a mixture of compounds selected from the group consist- 
ing of 
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- compounds of the general formula (I) 




Ar 5 Ar 6 



where Ari is selected from the group consisting of the following com 
pounds (1) to (5) 




wherein R\' to Rg' independently of each other denote a hydrogen atom, a 
-C n H2n+l residue, a -OC n H2n+l residue, with n being an integer in the 
range of 1 to 20, or a group of the general formula 
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- compounds of the general formula (II) 




(II) 



where Ari" to Ar4" independently of each other denote compounds se- 
lected from the group of compounds (1) to (5) as specified above and 
where Ar2 to Arg independently of each other denote compounds selected 
from the group of compounds (a) to (e) as specified above, and 

- compounds of the general formula (III) 



with Ri* to R12' independently of each other representing a group as 
specified above for Ri' to Ro/ and 

where At' represents the same group as Ar or denotes a compound se- 
lected from the group of compounds (a) to (e) as specified above. 




where Ar is a compound having the structure 




R9-12 



8. The layer according to claim 6 or claim 7, wherein said hole trans- 
port material is a compound of the structural formula (IV) 
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10 




(IV) 



15 



20 



25 



or a compound of the structural formula (V) 




(V). 



9, The layer according to any of claims 1 to 5, wherein said layer com- 
prises polyimide and an electron transport material. 



30 



10. The layer according to claim 9, wherein said electron transport ma- 
terial is a spiro-oxadiazole compound. 



11. The layer according to any of claims 1 to 5, wherein said layer com- 
prises polyimide and an emitter material. 



35 



12. The layer according to claim 11, wherein said emitter material is a 
spirolinked oligophenylene compound. 
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1 13. An electronic or optoelectronic device comprising at least one layer 
according to any of claims 1 to 12. 

14. The electronic or optoelectronic device according to claim 13, 
5 wherein said device is an electroluminescent light emitting device and 

said layer comprises a hole transport material. 

15. A device comprising at least one layer according to any of claims 1 
to 12 and a liquid crystalline material or a composite comprising a liquid 

10 crystalline material, said layer being optionally prepared to give it aligning 
properties for liquid crystals. 

16. The device according to claim 15. wherein said liquid crystalline 
material comprises a polymeric liquid crystalline material. 

15 

17. The device according to claim 15 or 16, wherein the polymeric liquid 
crystalline layer comprises a light emitting material. 

18. The device according to claim 15 or 16, wherein said polymeric liq- 
20 uid crystalline material is an emitter material. 

19. An electroluminescent device capable of emitting polarized light 
upon application of an electric field, comprising a transparent conductive 
glass substrate, a layer according to any of claims 1 to 12 formed on said 

25 substrate and prepared as an orientation layer, a layer of a polymeric liq- 
uid crystalline emitter material coated and aligned on said orientation 
layer and a metallic cathode deposited on the layer of said polymeric liq- 
uid crystalline emitter material. 

30 20. A method of manufacturing a light emitting electroluminescent de- 
vice comprising the steps of 

- providing a layer according to any of claims 1 to 12 on a substrate, 

- preparing said layer to give it aligning properties for liquid crystals. 

- applying a polymeric liquid crystalline material comprising a light emit- 
35 ter material or being itself an emitter material on said layer, and 

- aligning said polymeric liquid crystalline material on said layer. 
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21. The method according to claim 20. wherein the preparation of said 
layer to give it aligning properties for liquid crystals is made by rubbing or 
by UV irradiation or by treatment with an air flow. 

22. The method according to claim 20 or claim 21. wherein said poly- 
meric liquid crystalline material is applied onto said layer according to 
any of claims 1 to 12 by spin coating, doctor blading or Inkjet printing. 
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